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ABSTRACT

Occurrence of economic quantities of gold deposits over a large expanse of
area and in finely disseminated form has been reported in Illesha (Western
Nigeria). The problem, however, has been inavailabity of appropriate tech-
nology for efficient recovery of gold. This is the thrust of this work.

This investigation, process design for Igun ore deposit in Ilesha goldfield,
is aimed at proposing process flowchart for efficient recovery / extraction of
gold from llesha gold ore accentuating on lgun deposit. The research essen-
tially entails preliminary investigation, mineral processing and mineral ogical
characterisation of the ore which involve sampling, concentration, particle
size analysis, ore chemical analysis by fire-assay-gravimetric and atomic ab-
sorption spectrophotometric methods, petrography and x-ray diffractometry.
In addition, amenability assessment of Igun gold deposit to amalgamation
and percolation leaching was carried out.

It has been established that free gold is scanty in the ore, rather the gold
occurs as specks and inclusions finely disseminated in sulphide and quartz
phases. It is postulated that llesha alluvial gold ore of which Igun gold
deposit is a paradigm belongs to a non-refactory class. The experimental
results confirm this as the gold ore is amenable to percolation cyanidation
leaching but responded poorly to amalgamation. At the optimum leaching
parameters of 6-hour retention time, sodium cyanide concentration of 0.3%
and hydrogen ion concentration (pH) of 11.5, the highest recovery (63.60%)
was obtained with the smallest size fraction of -75um. These results form
the basis for the evolution of a process flowchart for recovery of gold from
Igun ore deposit which is aimed at sustainable gold production under safe

environmental conditions.
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CHAPTER ONE

INTRODUCTION

1.1 History of Gold Mining in Nigeria

Areas constituting what may be described as the gold belt of Nigeria are
Zamfara-Malenjo area in Sokoto State, Lapai-Beni-Gwaderi area in Niger
State, old Birinin Gwari in Kaduna State and llesha-Ife area of Osun State.
Exploration work recently embarked upon by the Nigerian Mining Corpora-
tion in Niger State covers the vast expanse of land between Beni in South
East and Gwaderi in the North West. Most mining activities in this area
were carried out before independence. To date, the foundation of the old
mining camps, pits and heaps of pebbles can still be seen. The result of the
exploration work shows that very low gold values were obtained, thus the
economic exploitation of the deposit may not be justified.

At llesha area gold mining had been extensive in the past by relatively
simple labour intensive methods but this activity ceased about forty years
ago. Preliminary investigations recently carried out by the Nigerian Mining
Corporation indicate that gold is still present in good values over a wide
area in both primary and alluvial deposits (Anon, 1981). In 1936, there was
a sharp rise in the number of goldsmiths in [jeshaland and this led to the
suspection of gold occurrence in the area but it was not until September
1940 that the discovery of llesha goldfield was reported by Mr. Gloucester
Trotman. Organised {Anon, 1981) mining started in December 1941 after
pegging of a lease by Messrs Harper and Passman in August of the same year,
and peak production was reached in 1942 at lesha goldfield. Records from
the Western Inspectorate of Mines Department, Ministry of Solid Minerals
Development showed that 22,065 ounces {486.39 kg) of raw gold was won in

1942, 80 ounces (2.49 kg) in 1941, 8,114 ounces (252.37 kg) in 1943 and 2,149
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ounces (66.84 kg) in 1944. Since mining began in Nigeria in 1914, a total of
379,330 troy ounces (approximately 11,789.49 kg) of gold was produced up
to 1985. The production from this area has contributed significantly to the

national output of gold as illustrated in Figures 1.1 and 1.2.

1.2 llesha Gold Belt

llesha gold deposit lies within latitude 7°30" and 7°35' North and longitude
4°23" and 4°38' East covering a total area of about 23 square kilometres as
shown in Figures 1.3 and 1.4, The area lies within the special exclusive
prospecting licence No. 225 of Nigerian Mining Corporation and constitutes
part of Ilesha/Ife gold field covering 200 square kilometres. The Mining rights
are vested with Nigerian Mining Corporation for whom additional lease was
pegged during the project (ML 20501). This adjoins mining lease (ML 10904)

earlier pegged by Metals and Minerals for Nigerian Mining Corporation.

1.3 Problems Associated with llesha Gold Exploitation

The life of mining at Ilesha gold field was short since no prospecting was
used to support the mining and everything came to an abrupt end with the
exhaustion of the 'proven’ areas. The mining methods employed were prim-
itive and wasteful, None of the operators had any mining training and their
experience was what they acquired with the assistance from Government
officials. The practice started with haphazard digging and panning. Follow-
ing this, wooden sluice boxes were introduced and towards the end of the
first mining lease of the area, organised and small paddocks, pumpsunks and
few drainage ditches were employed. This practice which was far from good
mining left substantial amount of the mineral in the earth.

Furthermore, processing of gold was such that substantial part of the
gold values had to be discarded with the tailings (since the gold was said to

be finely disseminated) because there was no economic means of processing
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- by way of appropriate technology - that would effectively recover most
of the purportedly fine gold in the ore. This is the main thrust of this
study. It would require an indepth study of the problems associated with the
processing and recovery of gold. The study therefore addresses the problems

associated with processing and recovering of llesha gold.

1.4 Scope and Objectives of Investigation

In the Ife-lIlesha area two types of gold mineralization have been recog-
nised:lode and placer deposits (De Swardt and Eric, 1953). Primary goid
bearing quartz veins occur in feldspathatic gneiss in the amphibolitic com-
plex around Itagunmodi, Ibodi, Igun, Iregun, Ilashe and surrounding areas.
Records show that production from primary quartz veins is less significant
than that from the alluvial gold associated with the amphibolite complex
(Anon, 1981).

Although llesha gold consists of Iperindo reef which is covered by ML
19706 - area awaiting underground mining -, Itagunmodi alluvial deposit
covered by ML 10904 (about 855.7 hectares), and Igun alluvial deposit, ML
20501 (2,276.8 hectares), this investigation centres on the alluvial deposits
with particular reference to Igun gold ore. This is because of large expanse
of Igun alluvial deposit and the availabilty of mineral processing equipment
on the site.

The objective of this investigation is to come up with report proposing
process flowchart for the recovery/extraction of gold from Igun alluvial gold
ore. It is expected that the findings would provide valuable information for
future exploitation of llesha alluvial gold ore.

The research involves the following:

(i) Preliminary investigation which entails sampling and concentration of
Igun gold ore, particle size analysis; and mineralogical investigation on

the ore using petrography and x-ray diffraction techniques.



(ii) Samples assay and instrumental analysis of Igun gold ore using the
atomic absorption spectrophotometer and fire-assay-gravimetric tech-

niques.

(iii) Laboratory investigations: Amalgamation, percolation-leaching and

optimization of leaching parameters.

(iv) Proposal of process flowchart for llesha alluvial gold ore with Igun ore

deposit as paradigm.



CHAPTER TWO

REVIEW OF LITERATURE

2.1 Geology and Mineralogy of Gold

The metallurgy of gold is shown by Holloway (1994) to be bound up with
its geology and mineralogy, and an understanding of its metallurgy can only
be achieved by understanding the way in which gold is found in the earth.
The nature and types of gold occurrence have to be properly understood
before the appropriate mineral processing technology could be devised. Pet-

rographic and mineralogical studies of ores are important in the recovery

study in that:
(i) the mineral constituents are identified,
(ii) the proportion in which they occur is established, and

(iii) the degree of dissemination of the valuable is ascertained.

2.1.1 Types of Gold Occurrence

There are two main types of gold occurrence: primary (consolidated or lode)
deposits and placer (unconsolidated) deposits.

Primary Deposits

Ultimately, all gold originated from volcanic activity. Where found in
undisturbed reefs or lodes, the deposit is said to be primary deposit and is
frequently associated with sulphide minerals such as pyrite, arsenopyrite and

stibnite.

There are three major groups of primary gold ores:

(i) Gold bearing quartz reefs: This type of reef contains only small amounts

of sulphide minerals (0.5 - 3%), but in some places contains considerable



(iii)
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amount of scheelite (CaWo,), Wolframite (Fe,MnWo,)) and “mineral-
ized” altered wall rock. Gold is visible at least under the microscope,
and a large amount is liberated after coarse grinding to 0.5 - 0.8mm.
Only 0.2 g/ton are enclosed in quartz or sulphide grains and cannot
be recovered by gravity separation, amalgamation or cyanide leaching.

Conventional gravity methods or plate amalgamation recover about 70

- 80%

Sulphidic banded Iron Stone: This type of primary deposit consists of
bands of quartz and other silicates with pyrite (FeS;) and pyrrhotite
(Fe,_.S) which contains some gold. The sulphides are reactive to air
and water, and the reefs near the surface decompose leaving the gold

behind as “free” gold frequently in association with hematite.

Complex, strongly sulphidic (3-15% sulphide) ores: Here, gold occurs
in particles visible under the microscope or in a form recognisable only
with electron microscope. Some free gold is mostly present but most
of the gold is associated with pyrite (FeS;), pyrrhotite (Fe,_.S), ar-
senopyrite (FeAsS), stibnite (SbyS3), galena (PbS), sphalerite (ZnS),
chalcopyrite {CuFeS;) and in complex ore minerals, and /or tied to tel-
lurides. As gangue, quartz carbonates, mica, hornblende, augites and
graphite may be present. These are refractory ores that do not yield
their gold content when treated by the standard gravity and cyanida-

tion processes.

Problable causes of refractoriness in gold ores include the following:

(1)

(2)

Physical lock-up: Extremely fine gold pa:iicles encampsulated and

therefore remain inaccessible to cyanide solution.

Coated gold: When particles of gold closely associated with sulphides

are in contact with water or lixiviant, they can develop coatings that



(4)

(5)

(6)
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inhibit their dissolution in cyanide solution.

Decomposition of host minerals: The sulphide can decompose to form
cyanates, which combine with the available cyanide and thus deplete
the 'free’ cyanide that is required to dissolve the gold. Besides, axygen
is consumed so rapidly during decomposition of the mineral, that the

gold-dissolution process which also requires oxygen is inhibited.

Carbonaceous materials. The presence of carbon in an ’active’ form

will adsorb gold that has dissolved thus depleting the lixiviant.

Coatings formed during rusting. Iron oxides, silicates and lead and

antimony minerals can form coatings on gold particle during roasting.

Insoluble alloys of gold. Although these are minor causes of refractori-
ness, the gold-silver alloy, gold-bearing tellurides and arsenides, and
minerals such as aurostibnite (AuSb;) and maldonite (Au;Bi) have
been found to be resistant to cyanidation. (Dry and Coetze, 1986; Nagy
et.al.,, 1966; Sweigert and Leibenberg, 1966, Hansen and Laschinger,
1966; Hedley and Tabachnick, 1968).

The most common technique used for the recovery of gold from refractory

ores is the roasting of flotation concentrates prior to cyanidation.

Placer Deposits.

Deposits formed by mechanical concentration where water, wind and other

forces are involved in the process of rock breaking, transportation and depo-

sition are called placer or detrital deposits. Placer can be eluvial, prolluvial

and alluvial depending upon their position from the source and the major

weathering agents. Placer deposits are said to account for one-half to two-

thirds of the total gold produced world wide (Joseph, 1984).

Gold may be found in any or combination of the these forms:
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(i) Modern placers resulting from weathering due to chemical or thermal

conditions;
(ii) Paleo-placer which are mechanically deposited; and

(iil) Hydrothermal vein deposits such as black shales resulting from con-
temporaneous igneous activity which cause broad gold deposition un-
der a reducing environment. Gold is concentrated in shales as detrital
free grains with diameter less than 50um as precipitates, and in pyrite
(FeS;) or other sulphide minerals. This is the first step in the history
of gold placer deposits. Figure 2.1 shows the cross section of a river

valley showing the distribution of various classes of placer deposit.

Most alluvial gold deposits occur near the primary gold deposits (gold
bearing bed-rock, vein or lode), or a short distance from valleys or benches.
Alluvial deposits are formed by mechanical concentration of high density
minerals, in moving water, for example streams. Gold is concentrated in
favourable areas such as quartzite ridges across streams, plunge pools at the

bottom of waterfalls, stream confluences and rapidly flowing stream bends.

2.1.2 Petrography /Ore Microscopy

An intimate knowledge of the mineralogical assemblage of the ore is essential
il efficient processing is to be carried out. Not only is the knowledge of the
nature of the valuable and gangue minerals required, but also the texture such
as aggregation (size), dissemination (distribution) and shape of the minerals
within the ore. This is effected by ore microscopy which holds advantage over
chemical analysis because the inter-action and combinations of the mineral
constituents of an ore or mill product can be visvally examined.

Ore microscopy therefore, is useful in predicting the beneficiation require-
ments of a newly discovered mineral deposit, and is important during its

development to indicate needed changes in beneficiation procedures as the
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character of the ore changes laterally or vertically (Hagni, 1978). Ore mi-
croscopy has been utilized to obtain a better understanding of the causes of
gold losses by the staff of Lake Shore Mine. (Haycock, 1937, Head, 1936;

1937; Henly, 1974; Staliwell & Iidwards, 1941; 1946 and Staff, 1936).
2,2 Geology of Ilesha Gold Belt "

Ife-Tlesha gold field stretches from lHesha through Iregun and Osu to the

vicinity of Igun (De Swardt, 1947). Gold occurs in two forms which are:
' . b Ii
(i) Disseminated gold in quartz-veins occurring in granite gneisses in Iperindo,

and
D

(ii) Alluvial gold associated with amphibolite complex. .

The geology of the area was stuaied by De Swardt (1956) for the Nigerian
Geological Survey. De Swardt suggested that alluvial gold is traceable to
the wide-spread conformable granular quartz veins. Although these quartz
veins show traces of gold, they are too low in content to be of economic
significance. Sulphides (Pyrite {FeS:), arsenopyrite (FeAsS), nickelliferous
pyrrhotite (NiFe;-,S) have been reported to occur in association with gold,
or as disseminations in the amphibole, although no massive sulphide miner-
alization has been discovered. Occurrence of molybdenite (MnS,) flakes has
also been reported. Talcose rocks {tale: 3MgO.5i,04,.H,0) occur as lenses in
the large amphibole bodies. Cassiterite (SnO;) and columbite (Fe, Mn);04
have also been won along with alluvial gold. o
Between 1970-1972 and in 1977 students of Geology Department, Uni-
versity of Ife (now Obafemi Awolowo University} carried out independent
geological mapping programmes which covered sheet 243, 1:50,000, Ilesha
S.W., S.E.} and sheet 263, 1:50,000 Ondo, N.W. These studies presented |
generalised information on the petrography, struciure and petrogenesis of

the major rock units in the area.
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Metals and Minerals (Nig.) Ltd. in conjunction with Geology Depart-
ment, University of Ibadan in 1976 were commissioned by the Nigerian Min-
ing Corporation to carry out a geochemical reconnaissance survey of the
Ilesha gold field. The objective was to prospect for gold and other asso-
ciated metals. A total of 989 active stream sediment were collected from
both the amphibolite complex and the biotite schist areas. The results were
samples qualitatively interpreted with the major conclusion that no partic-
ular element was identified as the pathfinder for gold mineralization. It was
therefore suggested that gold is its own indicator and its restricted nature of
dispersion hinder the use of conventional geochemical reconnaissance survey.

Elueze (1977), in addition to rock geochemical studies also carried out in-
terpretation of 300 active stream sediment samples selected from the above
work. The samples were analysed for 14 trace elements and 4 major ele-
ments. His conclusion was that visual interpretation of single element distri-
bution patterns for As, Au, Ni, Cu and other trace elements do not show any
clear-cut relationships with known areas of mineralization. This feature is
attributed to the enhanced variable background values in the various under-
ground rock. Some metamorphic mineral assemblages in the Ife-Ilesha schist

belt according to Elueze (1977) and Cooray (1976) is shown in Table 2.1

2.3 Gold Extraction Processes

Methods of gold extraction depend on physical and chemical properties of
the gold and those of its associated minerals. Concentration of gold utilizes

the following properties:

1. The high relative density of gold (19.3 when pure) normally between

15 - 19 depending on the amount of the alloy elements mainly silver.
2. Wetting of gold by mercury in the presence of water to form amalgm.

3. The solubility of gold in weak cyanide (alkaline) solutions.
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TABLE 2.1

SOME METAMQRPHIC MINERAL ASSEMOLAGES IN THT Hﬁmﬂarmwb SCUIST BELT

{After Elueze,

1977; Coorayv 1970)

ELUEZE (1977} COQRAY (1970)
ROCK GROUP MINERAL ASSEMBLAGES TYPE ROCK GROUF| MINERAL ASSEMBLAGES TYPE
¥etagedimentsz Qiz-Muscovite-chlorite Greenschist | Pelitic Quartz-biotite-staurolite| Amphibolite
Gzrnet-biotite-Quartz Amphibolite Quartz-Almadine-silli- Amphibolite
manite
Quartz-microline- Amphibolite |Qtz-.Peld|Quartz-Almadine-plagio-
spathic clase
Gneissic Plagioclase-blotite~ Quartz-biotite-micro- Amphibolite
{muscovite) cline-plagioclase
Quartz-plagioclase~
bioctite
Amphibolite- Epidote-hornblende- Plagioclase-hornblende-
Complex Microcline Amphibolite Basic garnet (quar+z) S
o Anphibolite
me=Mﬂ1uownchnnm| Plagloclase-Actinolite— o .
uartz Quartz S
Flagioclase-horablende-
epidote {(quartz)
Talc-tremolite- Greenschist | Magne- Talc-anthophyllite : s
cbhlorite ssian/ Talc-Tremolite Actino~ nainalnvhhﬂ
Ultra- lite-gernet . -
basic
rocks e E
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4. The excellent flotability of gold either alone or when contained in sul-

phides. |
Locating and developing new gold deposits, coupled with the need to im-
prove operating margins of existing plants, have prompted much interest in
innovative gold processing techniques.

Metallurgists have developed various processing methods and equipment
for gold ore treatment that reflect difference in ore characteristics, grade,
mineralogy, climate and location. These methods are being applied to free
gold, nonrefractory and refractory ores (Pizarro and Schlit, 1984). Typical
process flow-chart for gold extraction are shown in Figures 2.2, 2.3 and 2.4.

The preferred processing technique for a particular ore is likely to be the
one with the lowest capital and operating costs, cornmensurate with both
speed of processing and high percentage recovery. There are a number of
processing steps and they include the following: _! e : L

{1} Gravity concentration

(a) panning
(b) jigging

{c) centrifugal concentrator

(d) bambazonke sluice box
(e) sluice box

(f) shaking table. ~ - . .- . T
{2) Gravity concentration with amalgamation, retorting and smelting

~ (3) Flotation cbn'ceht;ra.tion methods
{a) Froth flotation . _ o o SRS

(b) Coal-gold agglomeration
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{4) Hydrometallurgical processes which entails leaching and gold recovery

processes:

(a) Leaching processes:

(i) Agitation leaching, including pressqre_leaching
(ii) Bacterial leaching :
(iii) In-situ leaching

{iv) Percolation leaching

{(v) Heap leaching

(vi) Thiourea process.

(b) Gold recovery processes {rom Pregnant Solution: B

(i) Cementation - Merrill-Crown proc2ss
(it) Carbon in pulp
(iii) Resin in pulp
(iv) Electrowinning
(v) Ton exchange

(vi) Solvent extraction

The amenability of these extraction téchniques to the three types of gold ores
~ free gold, non-refractory and refractory ores- are discussed below:

]
(i) Free gold ores: If the gold ore in the alluvial deposit is free gold and

coarse, simple gravity concentration methods such as panning, jigging,
tabling, sluicing and centrifuging may be effective. If the free gold in
~ the alluvial deposil is too fine for gravity conceuniraiton methods to be

effective, a combination of gravity separatic: and amalgamation may

be used. . _ _ : " _ T

" (i1) Non-refractory ores: These are readily leachable gold ores. If the gold

occurs as very fine dissemination within the host rock a hydrometal-
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lurgical extraction process may be effective for gold extraction. the
gold hydrometallurgical Non-refractory ores are amenable to in-situ
leaching, heap leaching, percolation (vat) leaching, agitation leaching

{including pressure leaching) and leaching by thiourea.

(ili) Refractory ores: Refractory ores are problematic ores, They include

chemically combined gold (tellurides), free gold locked in refractory
materials (especially pyrite and arsenopyrite) and leachable gold that
is rocabsorbed on carbonaceous matter in the ore. When gold is locked in
or associated with sulphides, processing generally begins with fotation
concentration. However, the sulphides or arsenides must generally be
oxidised before recovery and this is effected by roasting the flotation

concentrate, and then cyaniding the cinder. - !

- The current trend is to use hydfometallurgical methods (such as pressure
leaching and bacterial leaching). ' S

2.3.1 Gravity Concentration Methods

. In gravity concentration methods, the difference in the specific gravity be-

.. tween the mineral(s) and the gangue is used to separate them. This utilises

the differential movement of minerals due to mass effects, usually, in hy-
" draulic current. It has the advantage of producing less environmental pollu-
| tion. Typical gravity separation methods - bambazonke sluice box, ordinary

. sluice box, principle of table action are shown in Figures 2.5, 2.6 and 2.7

B '_ Tespectively.

L he centrifugal separators combine the effect of specific gravity difference

| ~ of the mineral(s) of the gangue, and that of centrifugal force of separating

" medium to produce the concentrate.

o e

The centrifugal separator (Figure 2.8) has become nopular over the last

five years because of its ability to recover fine gold parlicles. This machine

S
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of the future can upgrade low grade concentrate to almost pure gold which

can be melted to bullion in a crucible thereby avoiding amalgamation step.

2.3.2 Amalgamation

Before the invention of cyanidation, amalgamation was the most impor-
tant process for recovery of gold, This process involves the treatment of gold
concentrate with liquid mercury. As a result, gold is dissolved in mercury
forming a gold-mercury alloy known as an amalgam which can be trapped
and removed from the ore pulp. On heating, the mercury volatilises and
impure gold bullion is left. Alternatively, the gold is recovered from the
amalgam by treating it with concentrated nitric acid. Gold and mercury are
known to form two compounds: Au;Hg and AuHgz both with a peritectic
reaction at 410°C and 310°C respectively (Jain, 1987).

Amalgamation is a relatively simple process but has a lot of drawbacks

which include the following:

(1} Mercury is very expensive, It is even a controlled metal, so there is no

guarantee that one can always get it when it is needed;

(2) There is the problem of amalgamation inhibitors which interfere with
amalpanation reaction. These include substances dissolved in water
such as alkali sulphides, undissolved or suspended substances such as
sulphide minerals (particularly those containing antimony and arsenic)
and organic matters. These decrease the wetzhility of gold by mercury

and also tarnish the gold,

(3} Gold recovery is very low if the gold contained in the ore is not free.
It was reported that gold was won by passing the liberated ore over
gold plate coated with mercury. It extracted the precious metal with
an efficiency of beiween 75 and 80 per cent. When pyrite ore was

encountered, the recovery fell below 50 per cent (Cowey, 1994).
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(4) Mercury is an environmentally hazardous substance which has been

linked with major human disease epidemics (Muyanda, 1996).

2.3.3 Flotation Concentration Methods

This is a physico-chemical method of separation of minerals from their gangues,
utilising difference in surface properties of the mineral.

Froth flotation, which is becoming the most important method of concen-
tration, iv bascd on the affinity of some minerals for rising air-bubbles within
the agitated pulp. By conditioning of the pulp with various reagents such
as conditioners and depressants, it is possible to make the valuable minerals
air-avid (aerophilic) and the gangue minerals water-avid (aerophobic). This
results in separation by transfer of the valuable mirerzls to the air-bubbles
which form the froth, floating on the surface of the 1. .ip.

Froth flotation is a prerogative for sulphide minerals; hence it is used for
concentrating gold ores associated with sulphide minerals. Thereafter, the
concentrate is roasted to convert it to oxides before the cyanidation process.

A novel approach to gold recovery known as coal-gold agglomeration
(CGA) has evolved through the research efforts of the British Petroleum
Ple. In 1his process, liberated gold grains are recovered with high efficiency
by adhering to the agglomerates of coal and oil. (Manwaring et. al., 1986;
Buckely et. al., 1989). Figure 2.9 shows the schematic diagram coal-gold

agglomeration flowsheet.
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2.3.4 Hydrometallurgical Processes and Theories on Gold Dissolution in

Cyanide Solutions

Hydrometallurgy entails two distinct processes.

(1) Leaching: Getting the desired metal or processed ruetal/mineral from

the ore or from other metallurgical products intc colution.

(2) Getting the desired metal out of solution.
The inventors of eyanidation were Mac Arthur and Forrest (1887). Since
1887 the process has spread to every gold and silver mining district in

the world. Cyanidation (Jain, 1987) process for gold recovery was first

used in 1894 to recover gold from the ores containing gold in the form of

sulphide, which did not respond to amalgamation. This has been used
later to recover gold which responds poorly to gravity concentration
or flotation concentration. It is only of recent that Soviet metallurgist
Plaksin and Kozhukokhova (1940, 1960) showed interest in substituting
sodium cyanide by a non-toxic reagent, thiourea (NH;.CS.NH;), which
is reported to have extracted more gold than cyanide in the presence

of oxygen. However its commercial use is still in the nascent stage.
Hydrometallurgical technique for gold extractior consists of the follow-
ing stages:

(i) Preparation of ore to expose its gold values;

(1)) Leaching of gold ores fo dissolve the gold values;
(iii) Separation of solids from pregnant solution;

(iv) Clarification and de-aeration of solution;

(v) Gold precipitation;

(vi) Treatment of the precipitated gold.
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Many theories have been put forward to explain the mnechanism of disso-

lution of gold in cyanide solutions. Comprehensive coverage of the chemistry

of cyanidation process has been provided by Finkelstein (1922) and Barskey

el al (1934). They all agreed that the overall dissolution of gold in dilute

cyanide solution may be represented by the classic Elsner’s equation (Elsner,

1846).

(i)

(iii)

Elsner’s oxygen theory. Elsner (1846) was the first to recognize that
oxygen was essential for the dissolution of gold in cyanide solutions;
and he represented the reaction as:

4Au + 8CN~ + Oy + 2H;0 — 4[Au(CN);|~ + 40H" (1).

Bodlander’s hydrogen peroxide theory: Bodlander (1896) suggested
that dissolution proceeds in two stages, according (o the equations;
2Au + 4CN™ + O; + 2H;0 — 2[Au(CN);|~ + 20H™ + H;0;  (2)
2Au + 4CN™+ H;0, — 2[Au(CN).|~ + 20H" (3)
in which hydrogen peroxide is formed as an intermediate product. He
supported his view by being able to detect H;O; in the solution. The
overall equation for these two steps is Elsner’s equation (equation 1).
The above reactions clearly indicate that the leaching mechanisms in-
volved in the cyanidation process is electrochemical in nature as was

initially postulated by Kudryk and Kellog (1954).

Corrosion theory. Boonstra (1953) was the first to recognise that the
dissolution of gold in cyanide solution is similar to the metal corro-
<jon process. Oxygen dissolved in the solution is reduced to hydrogen

peroxide and the hydroxyl ion.

fie pointed out that Bodlander’s equation should be further divided
into the following steps:

O, + 2H,0 + 2e — H;0; + 20H™ (4)
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H,0; + 2e — 20H" (5)
Au — Au* + e (6)
Au* + CN” — AuCN- (7)
AuCN~ + CN~ =+ Au(CN); (8)

This was demonstrated later by Thompson.(1947)

Electrochemical theory. This is the most recent theory reported in the
literature. Habashi (1966, 1967) showed that the dissolution process,
which i0 clastrachemical in nature, are described by the following reac-
tions:

Anodic reactions:

Au — Aut + e (9)
Au* + CN~ — AuCN (10)
AuCN 4+ CN~ — |Au(CN),|” (11)

Cathodic reactions:

O, + 2H,0 + 2e — H;0, + 20H" (12)
H,0; + 2¢ — 20H~ {13)
Thus the overall reaction is given as:

2Au + 4CN~ + Oy + 2H;0 — 2[Au(CN);|” + 20H™ + H,0, (14)
fluwever, experiments show that the dissolution of gold in NaCN +
H,0, in the absence of oxygen is a possible reaction but a slow pro-
cess. Thus the reaction,

2Au + 4NaCN 4 H;0; — 2NaAu(CN); + 2NaOH (15)
takes place to a minor extent only. It was observed that the dissolution
of gold is hulibited if large amount of hydrogen peroxide is present due
to the oxidation of cyanide ion to cyanate ion, which has no dissolving
action on the metal, viz:

CN- + H;0; — CNO + H,0 (16)
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Leaching Methods

The grade of the ore, the size of the ore reserve, and the ease with which the
mineral values are dissolved in a particular reagent are the controlling factors
in the choice of the leaching method. The most common methods of leaching
have been listed in section 2.3. This section’s focus is on the methods of
percolation and heap leaching which are being proposed for the processing

[gun gold ore.

Percolation Leaching: Percolation leaching is generally applied to low-grade

ores of coarse particle sizes and hence it is referred to as sand leaching (Jack-
son, 1986). Regularity in the particle size rather than the actual size is
the chief factor governing good percolation (Davidson and Duncanson 1977).
This method is unsatisfactory if slime is present in the ore.

The method has the advantages of minimum solvent consumption, pro-
duction of high-grade pregnant solution and the elimination of the expensive

thickners and filters,

Heap Leaching: Heap leaching is generally applied to slower leaching, lower
grade ores and to higher tonnage deposits. Ore, agglomerated if necessary,
is leached on impermeable pads to prevent contamination of near surface
aquifers and losses of gold bearing solution (Pizarro and Schillit, 1984).
Cyanide solution is sprayed over the heap via a plastic pipework system
distributed over the surface. Leach solution percolates through the ore, dis-
solves the gold and draines into a channel from which it moves into a large
pregnant-solution collecting pond. Permeability, solution delivery and solu-
tion recovery are the critical factors in dump or heap leaching of gold (Lastra

and Chase, 1984).
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During the 1970s the U.S. Bureau of Mines investigated a particle agglom-
eration technique for improving the flow of leaching solution through heaps
of clayed or crushed, low-grade gold-silver ores. This technology which is
cost effective because of decreased leach times and improved precious metal
recoveries has been adapted on a broad scale by the precious metal process-
ing industry. (Heinen et. al. 1979; McClelland et. al., 1983; McClelland et.
al. 1983).

ierrill-Crowe Cementation Process

Recovery methods are itemised under Section 2.3 but our focus will be on
Merrill- Crowe cementation process being proposed for the recovery of Igun
gold ore. This method is more selective and relatively cheaper than elec-
trowinning.

Cementation involves the reductive precipitation of one metal by another,
a galvanic corrosion cell being formed.

Consider the standard electrode potential for cementation process for

Au-Zn system at 25°C. Since
0 0
EAu"";"Au > EZn""'erl

reduction will take place at the gold electrode while at the anode (Zn) oxi-
dation takes palce,

Zn — In** + 2e.

The cell potential for cementation for Au-Zn system at 25°C is given by

E° = 1.45 - (-0.763) = 2.213 V.
The standard fre. energy change for the net reaction is

AGY = -4 E’cell = -626.5 Kj mol} (17)
The high negative value of AG® confirms that precipitation is thermodynam-
ically favourable.

The IvIerr@lI—Cruwc precipitation reactions of gold from cyanide solution

using zinc powder is represented by the equation:
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2Au(CN); + Zn = 2Au + Zn(CN);~ (18)
Now that CN™ ions are involved, the two electrode systems are given as:

Au(CN); + e = Au + 2CN—; E® =-067V (19)
and

Zn(CN)}™ + 2 = Zn + 4CN™ ; E® = -0.26V (20)

From where we obtain:

It is seen that the standard potentials of these complex cyanide system
in equation (20) are much more negative than the corresponding cathodic
systems. The negative shift is more marked in the case of gold because of
the high stability of the cyanide complex (log 8; = 36.0) as would be expected
from the equation:

E. = E, - $ing (22)
The resulting cell potential for cementation is 0.59V as shown in equation
(21) compared with the theoretical 2.21V based on cathionic specie. Thus,
the selectivity of precipitation is high and contamination is very low.

in general, the higher the cell potential of cementation reaction the greater

is the likelihood of impurity precipitation (Jackson, 1986).
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2.4 Previous Work on llesha Gold Ore

A lot of sampling/assay work to determine the gold content of Ilesha gold de-
posit especially on the primary deposit has been carried out. Although there
are erratic small pockets of high grade mineralization, averaging 60g/ton,
ore grade is generally low (Figiel, 1959). It was observed that although the
mill teed on the primary deposit of Ilesha gold ore after crushing to -35 mess
Tyler carried up to 22.5dwt /ton (34.875 g/ton), only 5 dwt/ton (7.75 g/ton)
was recovered, and the rest 17.5 dwt/ton (127.25 g/ton) was lost in the tail-
ings. The tailings from the Holman blanket table was deslimed and leached
for 48 hours with cyanide. An examination of the concentrate revealed that
the majority of the gold was extremely fine, which explained the high losses.
What happened to the blanket table concentrate and the pregnant solution
was not reported.

Flutcher and Clarke (1961) observed that a large proportion of the gold
is very fine and probably locked up in an associated sulphide. Hence they
indicated that they belong to the category of low-grade mineralized quartz-
veins.

Quite recently, Adetunji (1991) investigated the efficiency of yields (from
llesha aliuvial gold concentrate) from amalgamation and cyanide solutions
from analytical grade of NaCN and cassava. It was observed that the yields
from amalgamation process were lower than yields from cyanide solutions -

both standard grade analytical NaCN and cassava cyanide.
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Thus far, there is no available literature on the process design for Ilesha
gold ore from the time of location of the deposit to the recovery /extraction
stage. Hence the relevance of this study on Igun gold deposit ore which
is aimed at enhancing gold recovery, reducing production costs and assuring
environmental protection. The object of this investigation is to come up with
a report proposing a process flowchart for efficient recovery / extraction of

gold from Igun gold ore.



CHAPTER THREE
EXPE NTAL P EDURE

This chapter describes the mineral processing and the mineralogical inves-
tigation of Igun alluvial gold deposit. This is followed by analytical proce-
dures - comprising fire-assay-gravimetric method, and the atomic absorption
spectrophotometer instrumental analysis - and then by amalgamation and

percolation leaching.

3.1 Mineral Processing and Mineralogical Investigation

3.1.1 Pitting, Sampling and Concentration

At Igun, samples were taken by shovels along river channels and concentrated
by sluicing and panning. The heavy mineral (black sand) was despatched to
the laboratory at Osu near llesha where a qualitative test for the presence
of gold was conducted. This was proved positive for all samples.

Pits of 2.8 metres diameters were then sunk at various depths, the average
depth being 3.5 metres. The wash from each pit was carried headpan by
headpan and fed into the scrubber attached to a jig. The average weight of
one headpan of wash was 31.89 kilograms (kg). The wash constituent of the
alluvial deposit was ascertained and the result is presented in Table 4.1.

A scrubber was used to disintegrate and deslime the run of mines and
the product was moved into a jig, where light minerals were separated from
heavy ones. The light minerals (tailings) were passed to the tailings dam
while the jig concentrate was sent to the shaking table at Osu for another
round of gravity separation. The shaking table concentrate was sent to the
magnetic separator which separated the magnetic minerals (such as ilmenite
and magnetite) from non-magnetic minerals which contain gold. The sim-

plified flowsheet for production of alluvial gold concentrate from the wash is
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shown in Figure 4.1.

3.1.2 Particle Size Analysis

Particle size analysis at separation stage is carried out to determine the opti-
mum size of feed to the process for maximum efficiency. Also, it determines
the size range at which losses may occur in a mineral processing plant, with
a view to reducing the losses.

In order to achieve these objectives for llesha gold deposit, half of a
headpan of gold concentrate was weighed and then sieved by a vibrating
shaker, whose operating data were as follows: Power = 180 watts, Voltage
= 220 - 240 volts, Current = 2.25A, Frequency = 50 hertz.

The grade of test sieves used were as follows: (i) 2.00mm (2000zm) (ii)
+850pm (iii) +600um (iv) +300um (v) + 150um (vi) + Thum (vii) - T5um

The result of the particle size analysis is contained in Table 4.2.

3.1.3 Petrography

Slides prepared from briquettes of the various particle sizes were made and
examined under the petrographic microscope - under plane polarized light
and cross nicols. The resulting photomicrographs are shown in Plates [ -
XIV. The result of the modal analysis emanating from the ore microscopy

are presented in Table 4.3.
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3.1.4 X-ray Diffractometry

For mineral identification and structural analysis of minerals in the Igun
gold ore, x-ray diffraction analysis of the sample was carried out on the
seven particle size fractions obtained [rom sieve analysis. These particle
sizes were subjected to x-ray diffractometry using the old model of PIN 1410
x-ray diffractometer at the school of Mines of the University of Zambia in
Lusaka using Cu-Ka radiation. The d-spacings of Igun gold oncentrate sam-
ples were computed for Cu K-alpha A=1.54179A4° using the Bragg equation:
nA = 2dsinb.

The minerals identification was then effected with the aid of a box file (see

Appendix 1),

3.2 Analytical Procedures

Before designing the extraction process for gold ore, it is necessary to deter-
mine the gold content of the ore by quantitative analysis. Whether quali-
tative or quantitative, analysis are based on characteristics, properties and
mode of occurrence of gold, Gold’s general properties and various gold tests
are given in Appendix 3. Measurements of gold purity, conversion factors
and strategic importance of gold are contained in Appendix 4.

Seven samples of diflerent particle size fractions including that of the un-
sized concentrate from lgun in llesha area of Nigeria were taken to the De-
partment of Metallurgy and Mineral Processing, School of Mines of the Uni-
versity of Zamb ia in Lusaka. Samples were subjected to fire-assay-gravimetric
analysis. This was followed by instrumental analytical procedure using Atomic

Absorption Spectrophotometer (AAS) for confirmation.

3.2.1 Analysis of Gold by Fire-Assay-Gravimetric Method.

Seven sets of gold ore concentrate samples from grain size range of +2000um

to -75um were taken to the Geological Survey Department of the Ministry of
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Mines and Minerals Development of the Republic of Zambia for gravimetric-
fire-assay test. Result is contained in Table 4.3.

50 grammes of each of the particle size fraction were used. Kach was
mixed with 175gm of flux No.2 whose compositic:: by weight is as follows:

Pb0 = 61%; NaCO4 = 33%; Borax glass = 3.4%; “lour = 2.6%;

The fluxed samples were heated in the furnace to a temperature of
1100°C for 60 minutes to obtain lead bullion bearing the gold and the
siliceous glass bearing the slag. The lead bullion were cupelled in a bone
ash at a temperature of 960°C for 45 minutes to obtain gold prils. The
prils were boiled in nitric acid for 20 minutes and were then annealed

in a porcelain dish for 15 minutes.

The prils were weighed on sensitive 5 decimal point scale to get the
assay value. The result of the investigation is contained in Geologi-
cal Survey Department (Ministry of Mines and Minerals Development,
Republic of Zambia) Laboratory Report Lab. Ref. No. M95/8 dated
18/03/96 shown in Appendix 7 and in Table 4.4,

3.2.2 Analysis of Gold in Ore Sam,!» by AAS

Seven samples of different particle sizes ranging [rom 2000pm to -7T5um
weighing 12g each were mixed with 100ml hydrogen bromine solution

and left overnight.

The aliquot was boiled to expel the excess Br; and diluted to 200ml

with distilled water and filtered through No.4 Whatman filter paper.

The filtrate was put in a separating flask (250ml.) to which 10ml of
Isobutylmethyl ketone ((MIEK) was added. Then a stopper was put

on the flask and shaken for 2 minutes.
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Next was the separation of the phases into the ketone and aqueous
phases and the retention of both. 10ml of MIBK were added to the
aqueous phase, and further extraction took place with the aqueous

phase discarded.

The ketone phases were combined and washed twice by extracting with

successive 25ml volume of 2M hydrobromic acid,

The aqueous phase was once again discarded and the ketone phase was

diluted to 50ml with MIBK.

Gold was taken into solution by the bromine and hydrobromic acid,
and the MIBK extracts the gold as bromoauric acid. The ketone phase
was washed with acid to remove Fe, some of which is extracted with

gold.

The AAS was calibrated with standards that have been freshly ex-
tracted by MIBK from 2M HBr, and the ketone phase was aspirated
into the flame of AAS. The result of the ore analysis was obtained
by computer-operated regression analysis as shown in Table 4.5. Cal-
ibration tables used to interpolate results are shoe'n in Appendix 8.
Percentage gold determination, gold content in grummes, AAS detec-

tion level and AAS sensitivity are given in Appendix 9,

3.2.3 Analysis of Silver by AAS in Ore Sample

Analysis of other elements which are normally associated with gold were also
carried out on Igun gold ore. They include the following: silver, copper, lead

and zinc. Silver stands in a distinct class.

Reagents for Analysis of Silver

1. HNOg, S.G.: 1.42AR
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2. 8M HNOj, Mix 50ml HNOgy with 50ml H,O
3. Mercuric nitrate solution (0.03g Mercuric nitrate i1 100 ml of HNOy).

In carrying out the silver analysis, 0.2gm of Igun gold ore sample was weighed
into a 250ml beaker.

10ml of mercuric nitrate solution was added and heated to 90°C for 1 hour
and filtered through No.4 Whatman filter.

Dilution to 50ml in a volumetric flask with distilled water followed.

The AAS was calibrated with suitable standard solutions prepared in 8M
HNO;, and standards and samples were aspirated into the AAS flame.

The parts per million (ppm) of silver was obtained by regression analysis

(Table 4.6).

3.2.4 Analysis of Copper, Lead and Zinc Content

in the Ore Sample by AAS.

Reagents.
1. HNOg, S.G. 1.42 AR
2. HCIO,, 60% w/W, AR
3. Aqua regia:3 HNOg, 1 HCI
4. HCI, S.G. 1.15 AR
5. 6M HCIl, mix 52.5ml HC| with 47.7ml of H,0
6. 3M HCI, mix 26.65ml HCI with 73.35ml H;0.

The analytical procedure involves heating of 0.5019¢g to 0.5090g of Igun
gold concentrate with 10ml acid mixture in 250ml beaker and evaporated

to dryness. The heating was followed with addition of 30ml 6M HCI on
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low heat for 5 minutes. The sample was then filtered into 100m! volumetric
flasks and volume was made up. The AAS instrument was calibrated with
appropriate standard solution of suitable concentration prepared in 3M HCI.
The standard and sample solutions were aspirated into the AAS flame and
the Cu and Pb contents of the sample were obtained by regression analysis

as shown in Table 4.6 while that of Zinc is shown in Table 4.7.

3.3 Methods

Having determined the gold content of Igun gold ore concentrate, samples
of the concentrates were subjected to the following extractive metaliurgy

processes one after the other, namely
1. Amalgamation

2. Percolation leaching.
3.3.1 Amalgamation

Amalgamation tests were carried out at the Minera! ’rocessing Laboratory
of the Federal University of Technology, Akure, Nigeria where the following

experimental procedures were followed:

87.76g of the concentrate sample of Igun gold ore was subjected to
screen analysis. 5g, 10g, 7.5g, 20g, 20g, 2.5g and 0.17g of +2000um, -
2000 +850m, -850 +600um, -600 +300um, -300 +150um, -150 +75um
and -75um particle size fractions respectively were added to seven plas-

tic basins which had been tared to zero weights.

Distilled water was added to the seven samples to form pulps and there-
after about 5g of mercury was added to each pulp. The basins were

then carefully and skilifully agitated to concentrate the gold values
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at the bottom. The Hg-bead (amalgam so called) was decanted into

weighed crucibles (seven of them).

The crucibles containing the amalgam were heated in a furnace to a
temperature of 500°C for 15 minutes, when the mercury had volatilised
and they were allowed to cool. The crucible and their contents were
then weighed on a sensitive 5 decimal-point scale. The result of amal-

gamation tests carried out on lgun gold ore is shown in Table 4.8,

3.3.2 Percolation Leaching Method,

Amenability of the ore samples (alluvial deposits) to percolation leaching
was carried out at the Department of Metallurgy & Mineral Processing
Laboratory of the University of Zambia, Lusaka and the following appa-

ratus/accessories and consumables were used.

Apparatus and Materials.

The major items of equipment used are Vacuum pump and pH meter. The
experimental materials include hoses, cotton wool, compressed air gloves and
safety kits. The consumables used are essentially sodium cyanide, zinc dust,
lime, fluxes (borax, silica sand), sodium hypochlorite, lead nitrate, distilled

water and filter paper.

Procedure

The experimental set-up for percolation leaching is shown in Figures 3.1
and 3.2, (See Plate XV in Appendix 6). Sodium cyanide was used to leach
200g of each of the samples. The operating parameters of resident time,
pulp hydrogen ion concentration, sodium cyanide concentration and min-
eral particle sizes were varied while gold recovery in each case was noted.
Stoichiometric computations for sodium cyanide concentration based on the

cyanidation reaction in equation (14) are contained in Appendix 5.
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The unsized concentrate sample was used initially and sized samples were
used to test the effect of particle size on gold recovery. Calcium oxide was
used to control the pH of the cyanide solution and to help flocculation. Oxy-
gen was supplied into the reaction vessels by a compressed air of 0.5 bar (0.5
x 10" Pascals) via a set of hoses. Recirculation of the cyanide solution and
the mixing of the gold concentraie was done manually every hour because
no recirculating pump was available,

Separation of the pregnant solution and clarification was effected by the
use of filter paper (Whatman No.4) inserted into a conical flask connected to
a vacuum pump (Figure 3.2). De-aeration of the solution was simultaneously
effected by the pump.

Then a prepared solution (0.5g of lead nitrate and 2.5g of zinc dust in 10ml
of water) was added to the clarified pregnant solution in order to produce a
gold precipitate. But no precipitate was observed perhaps due to the low gold
content in the solution. Consequently, the gold in the pregnant solution was
extracted into the organic phase and analysed by atomic absorption spec-
trophotometer (AAS) as followed: The cyanide solution was filtered through
Whatman No.4, and 300ml of the filtrate was measured in a 100ml sepa-
rating funnel. This was followed by the addition of 20ml isobutyldimenthyl
Ketone (DIBK) which was shaken vigorously for one minute. 100ml of 20%
NaCl was then added. The aqueous phase was drained out and the organic
phase was collected in a 25ml volumetric flask. The organic phase was aspi-

rated on AAS using standards previously prepared in organic phase medium.

Effect of Cyanide Concentration on Gold Recovery.

The table below (Table 3.1) summarises the experimental conditions used
for gold recovery using unsized concentrate. The concentrations of sodium

cyanide were obtained stochiometrically from cyanidation reaction detailedly
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given in Appendix 5.

Table 3.1: Experimental Conditions for Ggld Recovery Versus

Cyanide Concentration

“Sample Sample Sample Sample Cyanide

Number Weight (g) Volume (ml) Aliquot Volume (ml) Concentration (%)
1 200 2000 260 0.05

2 200 1000 250 0.10

3 200 500 250 0.20

4 200 333.3 250 0.30

The experimental parametgrs are stated below:
Retention time = 4hours,
pH = 11.5.
Cyanide concentrations: 0.05%, 0.1%, 0.2%, and 0.3%.
Particle size fraction: Unsized concentrate (+2000pm).
The results obtained are as shown in Table 4.16 in Appendix 10 and graph-

ically in Figure 4.9.

Effect of Retention Time on Gold Recovery.

The table below (Table 3.2) summarises the experimental conditions used for

gold recovery versus retention time.

Table 3.2: Experimental Conditions for Gold Recovery Versus

. ; Retention Time.
Sample Sample Sample Aliquot Retention
Number Weight (g) Volume (ml) Volume (ml) Time (hr)
1 200 333.3 190 2
2 200 333.3 200 6
3 200 333.3 200 7 N

The experimental parameters are stated below:
pH = 1L1.5.
Cyanide-concentration = 0.3%
Retention time = 2 hours, 6 hours, and 7 hours.
Particle size fraction: Unsized concentrate (+2000;:m1).

The results obtained are as shown in Table 4.9.
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Effect of pH on Gold Recovery.

The table below (Table 3.3) summarises the experimental conditions used for

gold recovery versus hydrogen ion concentration.

Table 3.3: Experimental Conditions For Gold Recovery Versus pH

Sample Sample Sample Aliquot pH
Number Weight (g) Volume (ml) Volume (ml)

1 200 333.3 200 11.5 |
2 200 333.3 200 12.0
3 200 333.3 200 12.5
4 200 333.3 200 13.0

The experimental parameters are stated below:
Cyanide Concentration = 0.3%
Retention time = 6 hours
pH values used = 11.5, 12, 12.5 and 13.
Particle size fraction: Unsized concentrate (+42000um).

The results obtained are shown in Table 4.17 and Figure 4.10.

Effect of Ore Particle Size on Gold Recovery.

The table below (Table 3.4) summarises the experimental conditions used for

gold recovery versus particle size.

Table 3.4: Experimental Conditions for Gold Recovery Versus Particle Size

[ Sample  Particle Size Sample Sample
Number in Microns(um) Weight (g) Volume (ml)
1 unsized concentrate 200 333.3
2 -2000 +850 200 333.3
3 -850 +600 200 333.3
4 -600 +300 200 333.3
5 -300 +150 200 333.3
6 -150 75 200 333.3
7 -75 200 333.3

The experimental parameters are stated below:
Cyanide concentration = 0.3%

Retention time = 6 hours
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pH = 11.5

The results obtained are as stated in Table 4.18 and Figure 4.11.

Disposal of Toxic Wastes

After the experiments, filter papers including some with caked slurry on them
were collected and burnt.

Due to the poisonous nature of cyanide solutions, these were pretreated
before discarding them to the environment.

The aqueous phases were recombined with the remainder of solution and
slurry. These were treated by adding 4 grammes of commercial grade sodium
hypochloride, resulting in the neutralisation of the cyanide. The cyanide
strength was then checked until less than 0.017% NaCN was achieved. De-
termination of total cyanide in solution as described in Dorr and Bosqui
(1950) is as follows:
10ml of potassium iodide in sodium hydroxide solution were added to 25ml
of filtered clear cyanide solution. This was titerated with a standard silver

nitrate solution to the end point ( Ist permanent yellow opalescence).



CHAPTER FOUR

RESULTS AND DISCUSSION

This chapter presents the results of mineral processing and mineralogical

investigations, ore analysis and the main experimental work. It also cov-

ers discussions on mineralogical characterization, process metallurgy of, and

flowsheet development for Igun gold ore.

4.1 Resulis of Mineral Processing and Mineralogical Investigations

The results of mineral processing and mineralogical investigations aspect of

the process design for Igun alluvial gold ore commences with the wash con-

stituents of the ore presented in Table 4.1,

Table 4.1 Wash Constituents of lgun Alluvia! Gold Ore

Wash Mineral Composition Percentage |
Constituent by Weight (g) Composition
Clay 17,539.50 © 55.55 )
Haematite/Magnetite

(magnetic materials)  11,799.30 37.37

Heavy Minerals

(Concentrate) 2,232.30 7.07

Total 31,571.10 99,99

Average weight of one headpan of wash = 31.89 kg = 31,800g

4.1.1 Production of Alluvial Gold Concentrate

A simplified flowchart for the production of alluvial gold concentrate from

the wash to the unsized gold concentrate is shown in Figure 4.1. Here, the

excavated wash runs through scrubbing, jigging, tabling and magnetic sepa-

ration before the unsized alluvial gold concentrate (black sand) is obtained.



The concentrate consists mainly of opaque grains (> 70%) which is es-
sentially ilmenite.

Surbodinate amount of transparent minerals can be seen and they are iden-
tified as pyrite and chalcopyrite.

The round spots are air bubbles,




The central massive black phase is iron minerals.

Rusty brown geotite can be observed,
Ilmenite is also present.

The inclusions in the iron matrix include quartz and feldspar.



The massive black phase in the South East pertion of the photomicro-
granh ie essentially ilmenite with quartz inclusion.
At the Northern side is chalcopyrite with inclusions as shiny specks some

of which is possibly gold.



The opaque minerals’ relative abundance is about 50%.

[lmenite is the most prominent in this portion.

Pyrite and chalcopyrite can be seen.

The rest of the transparent minerals include quartz an f:ldspar.

The round spots are air bubbles,
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The opaque grains within the grandmass is mainly ilmenite.

Round spots are air bubbles,

At the north central portion ap;';ear'ls altered plagioclase {! 'snar.

The sub-hedral grains with cra.r.k.(‘.d fractures reveal pyrit th its distine-
tive cleavages and chalcopyrite.

The yellow inclusion in the sulphide phase is possibly gold.
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PLATE VI

Ilmenite is the majority of the minerals in the opaque grains while quartz

dominates the transparent portion.
Round spots are air bubbles.

The sulphide phase is not easily discernible.




A
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The opaque mineral grains is essentially ilmenite.
The nrownish yellow portion is pyrite and chalcopyrite.

The rest is quartz and feldspar.




PLATE VU
h__ha & - ‘J.A-

The relative abundance and mineralogical compositio: >
tion is same as the sample in Plate I.

Here the distintive cleavage of pyrite is clearly revealed.

¢ this size frac-



60

The qr;'n z/feldspar inciu;sion in the iron matrix shown in Plate Il are clearly
shown under cross polars.
The green visible twinning and cleavage of the feldspar grains can be seen

while the unaltered yellow crystals of quartz is easily discernible,
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The quartz and feldspar inclusiohs in the opaque portion of the matrix
are clearly revealed. |

The subangular brownish grains a.rel the feldspar while the yellow portion
is the quartz.

The green coloured chalcopyrite .gra_ins in the northern portion are clearly

revealed,



The relative abundance and mineralogical composition of this size frac-
tion is the same as the sample in Plate IV.

The big green grain of chalcopyrite is clearly revealed.
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The relative abundance and mineralogical composition of this size frac-

tion is the same as the sample shown in Plate V.
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= Wi % 5 frac.—
abundance and mineralogmal composition of this siz€

in Plate V1.

The relative

tion is the same as the sample shown



The relative

abundance and mineralogical composition of this size frac-

tion is the same as the sample shown in Plate VII.
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with etched and abrasion polished surfaces. Ilmenite (FeO.TiO;)is the most
common phase. Crystals of sulphide phases especially chalcopyrite (CuFeS,)
and pyrite (FeS;) were also observed. Few grains still retain distinctive cleav-
ages and a wide variety of exsolved inclusions. These inclusions occur as shiny
specks some of which are quartz and, possibly gold. Such mode of occurrence
for the gold as inclusions rather than free crystals nhases is documented in
this goldfield (Elueze, 1982; Ajayi,1988; Suh, 100%).

Shown in Table 4.3 are the results of modal ana!ysis of llesha gold ore.

Table 4.3 Modal Analysis Showing Relative Proportion Of Mineral Species

in the Sample

Slide Particle Minerals Percent
Number Size um Pyrite  Chalcopyrite Ilmenite  Other Opaques  Quartz/Feldspar
1 +2000 10 10 50 10 15
2 -2000 +850 - - 15 30 55
3 -850 +600 - 12 30 28 30
4 -600 +300 5 156 30 20 30
5 =300 +150 20 15 30 25 10
6 =150 +75 17 18 40 5 20
_l =75 15 10 25 10 40

‘he opaque grains of the +2000um, -2000 +850um, -850 +600um size
ranges are quite remarkable because the opaque cores are rimmed by a
reddish-brown ferrous coat. This coat layer carries a lot of quartz inclu-
sions and sulphide specks. From the modal analysis (1:4 ¢ 4.3) the sulphide
contents for the +2000pm, -2000 +850um, -850 - "C0um, -600 +300um, -
300 4 150um, =150 +75um, and -T5um size fractio: : wre approximately 20%,
0%, 12%, 20%, 35%, 35% and 25% respectively. Aithough no definite trend
is deciphered from the table, it appears that the sulphide content increases

with decrease in particle size.

4.1.4 X-ray Diffractometry

The diffractograms obtained from x-ray diffractometry of the different parti-
cle sizes of the sample are shown in Figures 4.2 - 4.8. The main opaque min-

eral phase is ilmenite (FeO.TiO;) with minor amount of haematite, geothite,
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and/or quartz and subordinate amount of feldspar. Pyrite and chalcopyrite
also show prominent peaks. Although, free gold is hardly discernible on the
microscope, it is significant to note that a distinct gold peak occurs in each
of the diffractograms shown in Figure 4.4, 4.5, 4.6 and 4.8. The chemical for-
mulae of the various minerals in the diffractograms are contained in appendix

2.

4.2 Results Of Ore Analysis

The results of analysis to determine the gold content in the ore samples and

other associated metals are contained in this section.

4.2.1 Fire-Assay-Gravimetric Analysis

Table 4.4 presents the result of gold content determination by fire-assay-
gravimetric method. The assay value of +2000um size fraction is 9.2 g/ton of
gold while that of -75um is 152.8 g/ton of gold (the highest value). Generally,

the assay value of the gold increases with decrease in particle size.

Table 4.4 Gravimetric Fire-Assay Test Results

Sample Size Assay Value
Number Fraction (um) (g/ton) of Au
1 42000 9.2

2 -2000 +850 12.4

3 -850 +600 9.6

1 -600 +300 20.0

5 -300 +150 25.0

6 -150 +75 26.2

7 -15 1528

4.2.2 Atomic Absorption Spectrophotometry

For confirmation of results in Table 4.4, analysis of Igun gold ore samples
were subjected to atomic absorption spectrophotometric (AAS) analysis and

result obtained is presented in Table 4.5.
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Table 4.5 Analysis of Gold by AAS

Sample Volume Particle Absorbance Average Gold
No. Used Size %1073 Absarbance Content
(mls)  (um) 1 2 54 (ppm)
1 50 +2000 24 23 - - 0.023 4.666
2 50 -2000 +850 13 13 17 0.015 2.9453
3 50 -850 +600 7 6 - 0.006 1.1235
4 50 -600 +300 7 b 5 - 0.0053 0.9818
5 50 -300 +150 30 35 34 - 0.033 6.5891
6 50 -150 +75 68 66 - - 0.067 13.4717
7 50 -75 42(x10) 47(x10) - -  0.0445(x10) 89.11

The unsized concentrate (+2000um) size fraction has a gold content of

4.666ppm and while the least size fraction (-75um) has a gold content of

89.11ppm (the highest value). From +300um downwards, it is observed that

gold content increases with decrease in particle size.

4.2.3 Test for Significance Difference Between AAS and

Fire-Assay-Gravimetric Readings

Statistical analysis using student t-test with the usuzl notation:

where

1 =

£, — T,

o = Tilz - 7)® + La(z - 7,)?

ny +ng—2
Fire-Assay AAS
values values
I (:1:1 " 1])’ I (Ig - !3)2
9.2 743.1076  4.666 151.3459
124 578.8836 2.9453 196.9728
9.6 521.4596  1.1235  251.4286
20.0 270.9316 0.9818  255.9424
25.0 131.3316 6.5891 107.9708
26.2 105.2676  13.4717 12.3082
152.8 13534.995 89.1100 5202.7369
n 7 7 7 7
. 36.46 2297.9966 16.98 882.7135
Sz 255.2 15885.976 118.89 21?3.9942




76

15885.976 + 6178.9942

T4+7-2
22064.97

12

= 1838.7475
36.46 — 16.98
42.8806,/1 + 1

19.48
—_— — 0.
22.9206 Sa08s

= 0.84988 at 12df. p > 0.05

The 2.179 value of t at ny; + ng — 2 = 12df and P = 0.05 exceeded the

calculated value (0.84988). We therefore accept Null hypothesis and conclude

that there is no significant difference between the Au readings from Fire-

Assay and AAS procedures.

4.2.4 AAS Analysis for Silver, Copper, Lead and Zinc

The results of atomic absorption spectrophotometric analysis for silver, cop-

per, lead and zinc content in the Igun gold ore samples are presented in

Tables 4.6 and 4.7.

Table 4.6 Analysis of Silver, Copper and Lead by AAS

[ Sariple Size Absorbance Sensitivity’s

No Fraction x107® S=0.0044x2 /Absorbance

(pm) Ag Cu Pb

1 +2000 <DL <DL <DL

2 -2000 +850 < DL < DL < DL

3 -850 +600 < DL < DL < DL

4 -600 +300 < DL < DL < DL

5 -300 4150 < DL <DL <DL

6 -150 +75 <DL <DL <DL
|7 -75 <DL <DL <DL

"< DL = metal content is below the detection level of AAS.
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Table 4.7 Analysis of Zinc by AAS

Sample Size Absorbance Average ppm
No. Fraction (um) x107* Absorbance of Zn
1 +2000 89 98 0.0935 0.9905
2 -2000 +850 102 94 0.098 1.0333
3 -850 +600 103 96 0.0995 1.0475
4 -600 +300 95 98 0.0965 1.022
5 -300 4150 123 119 0.121 1.2518
6 -150 +75 128 125 0.1265 1.304
T =75 146 148 0.147 1.4988

It is observed from the Tables that while silver, copper and lead cannot be
traced in the samples, zinc content ranges from 0.9905ppm in the +2,000um

size fraction to 1.4988ppm in the -75um size fraction.

4.3 Experimental Results

4.3.1 Amalgamation

The results of amalgamation tests on llesha gold ore zre shown in Table 4.8

Table 4.8 Results of Amalgamation Tests on Ilesha Gold Concentrate

Size Weight Weight  Weight of Weight Gold  Fire %
Fraction of of Crucible + Au  of Au Reco- Assay Reco-
Crucible & Sample  values after values vered g/ton  very
{p)m Sample (g) (g) retorting (g)x107% g/ton Au
+2000 16.88000 5.00000 11.88002 0.02 4.00 9.20 43.48
-2000 +850  20.90000 10.00000 10.90000 0.00 0.00 1240 0.00
-850 +600  21.44000 7.50000 13.94001 0.01 1.33 9.60 13.85
-600 +300  31.87000 20.00000 11.87001 0.01 0.50 20,00  2.50
-300 +150  32.24000 20.00000 12.24000 0.01 0.50 25.00  2.00
-150 +75 18.10000 2.50000  15.60000 0.00 0.00 26,90 0.00
-76 12.03000 0.17000 11.86002 0.02 58.82 152,80 38.49

There is no discernible trend observed in the recovery of gold by amalga-
mation in the various size fractions. One thing is obvious: The recovery
is generally low. Size fractions -2000 +850um and -150 +75um have zero

recoveries,

4.3.2 Percolation Leaching

In the first experiment (gold recovery versus cyanide <oncentration) as shown
in Figure 4.9, it is observed that recovery increases with cyanide concentra-

tion.
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For cyanide concentration of 0.05%, 0.0265ppm gold was recovered by per-
colation leaching {under the experimental conditions of pH = 11.5, retention
time of 4 hours, for unsized concentrate). For 0.3% cyanide concentration,
1.4429ppm of gold {the highest value) was recovered. Thus 0.3% cyanide was
used in the next experiment in order to optimise gold recovery.

The results of gold recovery versus retention time are shown in Table
4.9. It is observed that gold recovery increases with retention time up to the
retention time of six-hours, thereafter the gold recovery begins to drop.

The results of gold recovery versus hydrogen ion concentration are shown
in Figure 4.10.

Here the pH of 11.5 gives the recovery of 4.4365 ppm (the highest) and
so was used for the next experiment.

The results of gold recovery versus particle size are shown in Figure 4.11.

Table 4.9: Gold Recovery as Function of Retention Time

Retention Absorbance  Average Gold

Time (hour) x107% Absorbance Recovery
1L 2 3 (ppm)

4 24 24 - 0.024 1.1128

6 131 133 126 0.130 4.5973

| 87 88 85 0.087 3.1828

It is observed that on applying the optimum leaching parameters (of 0.3%
CN ', pH of 11.5 and 6 hour retention time) to the smallest particle size
fraction of -75um the highest gold recovery of 97.185ppm (97.185g /ton) was
obtained.

Percentage recoveries of gold in the various size fractions by percolation

leaching are shown in Table 4.10
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Table 4,10 Percentage Recoveries of Gold in the Various Size Fractions by

Percolation Leaching.

' Particle Gold Content Gold %
Size by Fire-Assay Recovered Recovery
fraction(um) (g/ton) in ppm (g/ton)
Unsized concentrate 09.20 - -
-2000 +850 12.40 0.6375 5.14
-850 4600 09.60 4.4879 46.75
-600 4300 20.00 1.6339 8.17
-300 +150 25.00 2.7097 10.84
- -150 +75 26.90 10.8499 40.33
| -75 152.80 97.1850 63.60
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4.4 Discussion of Results

4.4.1 Mineralogical Characterization of Igun Gold Ore

The result of the screen analysis shown in Table 4.2 is quite revealing. -
600 +300um size fraction alone carries 57.50% of the gold values in the ore
sample. Thus the bulk of the gold values are contained in the finer size
fractions.

The result of petrographic studies of Igun gold ore is shown in Table
4.3. The sulphide phase constitute 20%, 0%, 12%, 20%, 35%, 35%, 25% for
+2000um, -2000 +850um, -850 +600um, -600 +300um, -300 +150m, -150
+75um and -75um size fractions respectively. +2000um is unsized concen-
trate. Baring the anomalous cases of -2000 +850um and -75um size fractions,
the general trend therefore indicates that the gold content increases with the
amount of sulphide phase in the particle size fraction. Evidently, the sulphide
phase accomodates good proportion of the gold values. This result corrobor-
rates the work earlier on carried out on Waya Gold field (N.W. Nigeria)
which is part of the Pan-African mobile belt (Woakes, M. and Bafor, B.E.
1984) as llesha gold field (W. Nigeria) (Garuba, 1988). For the particle size
of -2000 +850um ilmenite is only 15% but other unidentifiable opaque min-
erals constitute as high as 30% of the sample mineral content. This peculiar
size [raction has no discernible sulphide phase on the microscope neither was
free gold detected by x-ray diffractometry. There is the possibility of gold oc-
curring in the opaque portion of this size {raction as nickelliferrous pyrrotite
as being documented in Ilesha/lfe gold field (Suh, 1993). The assay value
(by fire-assay-gravimetric method) of the -75um size fraction is 152.8g/ton
which is very high when compared with the average gold content of the bulk
sample which is 19.143g/ton. With lower sulphide content why do we have
high assay value in the -7T5um fraction? The plausible explanation is that

there is free gold in this size fraction. The apparent puzzle is that no free



83

gold is discernible on the microscope, Rather the quartz/feldspar constituent
of this size fraction is high (40%). It is an established fact that quartz be-
ing very stable has its content increases with decrease in particle size. At
this very fine size fraction (-75um) the sulphide crystals are too small for
easy identification on the ore microscope and better results (to identify more
sulphide phases) should be obtained by scanning electron microscope.

It is quite significant to observe from the x-ray diffractograms shown in
Figures 4.4, 4.5, 4.6 and 4.8 that a distinct gold peak occurs in each of the
following size fractions: -850 4+600um, -600 +300um, -300 +150um and -
T5um. The high assay value of the -75um size fraction can only be explained
by the fact that apart from the finely disseminated gold locked up in the
sulphide phase, free gold does occur to some extent. This reinforces the pos-
tulation that Ilesha gold ore belongs to the non-refractory deposit. However,
the ailuvial deposit is finely grained and largely sub-microscopic gold. This
understanding is useful in the design of recovery/processing programme of
Igun gold.

Although, from +2,000um to 600um the results of gold assay values
through AAS and fire-assay gravimetric methods (Tables 4.4 and 4.5) do
not follow a discernible trend, it is observed in both cases that from the
particle size range of +300um to -75um the gold assay value increases with
decrease in particle size with the -75um having the highest gold content (of
89.170g/ton and 152.8g/ton respectively). Statistical analysis of the results
of fire-assay-gravimetric and AAS ore analysis show that there is no signifi-
cant difference between the two techniques used to determine gold content.
Thus it is valid to conclude that the finer the particle size, the richer the
gold content. The ore analysis shows that Ag, Pb, Cu, are not associated
with Igun gold deposit but Zn does. The form of occurrence and the effects

on gold recovery efficiencies are yet to be investigated.
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4.4.2 Extractive Metallurgy of Igun Gold

It was reported that gold was won by passing the liberated ore over gold plate
coated with mercury. It extracted the precious metal with an efficiency of
between 75 and 80 percent. When pyritic ore was encountered, the recovery
fell below 50 percent (Cowey, 1994] Thus it is not much of a surprise that the
recovery of Igun gold by amalgamation is low since most of the gold appeared
to be locked up in the sulphide phases. The size fractions of Igun gold ore that
have ree gold in them are somewhat amenable to amalgamation method of
recovery. The qualified fractions as observed from the x-ray diffractogrammes
are -850 4+600um, -600 +300um, -300 +150um and -T5pm. Amalgamation
is typically a subsidiary process combined with flotation and cyanidation
(Pearl, 1973). Percolation leaching is considered for the processing of Igun
gold ore because this method is applicable to low-grade ore; moreso, when
used with screen analysis which ensures regularity in the size of the particle.

Expectedly, the recovery of gold increases with increase in cyanide con-
centration as shown in Figure 4.9 (Table 4.16 in Appendix 10). Gold recovery
increaces with retention time until 6 hours retention time is attained; there-
after recovery decreases. A possible explanation is that the decomposition
of thi: CN™ solution with time depending on gold associated minerals may
bring about dissolution of the aurocyanide complex. Iron and zinc minerals
that are associated with gold dissolve in cyanide and therefore deplete the
solution of its cyanide content. Shown below is a possible reaction between
zinc metal and free cyanide: ZnS + 4CN~ — Zn(CN){™ + S*".

Ui the other hand, increasing the pH of the solution decreases the gold
dissolution and hence the recovery as observed in Figure 4.10 (Table 4.18
in Appendix 10). That notwithstanding, it is essentia! that the solution be
kept alkaline to minimize hydro}ysis‘of cyanide ion: CN™ 4+ H;0 — HCN +

OH™ and to minimize the absorption of CO; which is capable of decomposing
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cyanide ion: CN™ + H,CO3 — HCN + HCO; (Habashi, 1970). HCN is
so toxic that its formation should by all means be prevented. In aqueos
solutions, cyanide ion hydrolysis to form hydrogen cyanide (HCN) with a Pka
= 9.21 at 25°C (Smith and Martell, 1976). It is a difficult task to predict the
behaviour of the associated gangue minerals. Components like Cu, Fe and
Zn are troublesome as they greatly increase the consumption of both cyanide
and oxygen (Hedley and Tabachnick, 1958). Calcium ion has no effect on
gold dissolution (Habashi, 1970). However, at pH > 115 it has a retarding
effect which is presumably due to the formation of calcium peroxide on the
metal surface and this prevents reaction with cyanide. Calcium peroxide was
considered to be formed by the reaétion of lime with H,0, accumulating in
the solution according to: Ca(OiI); + H;0;3 — CaO; + 2H,0.

The fact that gold recovery inﬁreases with decrease in size of the particle
is nut only because of the large surface area per unit weight exposed to the
attack of the complex cyanide ions but also because of the presence of some
free gold in the fine particles as earlier on observed, Gold dissolution is
a function of characteristics of gold and detrimental coatings (such as iron
oxide) on the gold particles.

it has been postulated that Ilesha alluvial gold ore is essentially a non-
refactory or readily leached ore. .'I‘he experimental results on this gold ore
show that it is amenable to percolation leaching. The gold recovery in the
particle size fractions of -2000 +850um, -850 +600um, -600 +300um, -300
+150pm, -150 +75um and -T5um are 0.6375 ppm, 4.4879 ppm, 1.6339 ppm,
2.7097 ppm, 10.8499 ppm and 97.185ppm respectively. When compared with
the firc assay values indicated in Table 4.4, the percentage recoveries (when
the ~ptimum conditions of pH of 11.5, CN~ concentration of 0.3% and re-
tention time of 6 hours are applied to six particle size fractions) are 6.93%,

36.19%, 17.07%, 13.55%, 41.41% and 63.60% respectively are obtained (Table
4.10).
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It has been observed that even though the bulk of the gold is in the -600
+300pum size fraction, (57.06% by weight) the recovery in this size fraction is
as low as 17.07%. We have to go t.iown to the particle size fraction of -75um
to oblain a recovery of 63.60% (Table 4.10). If the process parameters are
adequately optimised, cyanidation should enhance recovery efficiency of Igun

gold ore.
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4.5 Flowsheet Development

Recovery of gold from gold ore entails three major sequences of operation:

(i)

(ii)

(iii)

Mineralogical appraisal of the ore which entails identification of the
mineral species, ascertaining the properties of the ore and sizes at which
the values may be liberated from the gangues and from one another.
Also, it entails exploitation c;f the different properties that are going
Lo be used in their separation, and ascertaining the size distribution of

the ore.

Appropriate process design: The result of mineralogical appraisal, ore
analysis and experimentation lead to the appropriate process design.
Laboratory quantity of the ore material was used during this investi-

*

gation.

Process evaluation: Havin’g got all the relevant data on process design,
the next stage is procesu=evali1ation. This entails estimation of the
capital and operation coatl and comparison of same with the revenue,
The process selected for the ore must be appropriate to the magnitude
and type of separation criterium. As for the equipment, it is important
to know whether or not the through-put is low. The process must be

appropriate to the sizes of the mineral and local conditions.

The above criteria form the bases for the proposed process flowchart for

Ilesha gold ore.

4.5.1 Flowsheet Development For Igun Gold Ore Based On

Experimentation

The leaching method adopted for ﬁrqcessing an ore will depend mainly upon

its metal content, the cost of m‘ﬁxinﬁ and bringing the ore to the surface,

the rost of milling and any other preleaching treatment such as roasting and
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the ease of dissolution. Where the valuable mineral in an ore is finely dis-
seminated, prefential dissolution of the valuable mineral may prove difficult
unless the ore is broken to a small particle size (which attracts additional
costs), altough liberation is usually unnessary.

From the economic viewpoint, the higher the grade of an ore, the greater
is the value tied up in the given amount of the material. In order to mini-
mize interest charges a rapid rate of processing is desirable, but this usually
involves higher capital and operating costs. This may be quite acceptable if
large resrve are involved to spread the costs. Otherwise it is often a compro-
mise between the rate of processing and total processing costs that provide
the optimum. This is the basis for choosing percolation leaching which is
discussed in Section 2.3.

A summary of the methods ofl_leuhing with their characteristics is given

in Teble 4.11.

Table 4.11 Methods of Leaching (Jackson, 1986).

 Leaching Ore Characteristic  Type of
Method Size Extraction Rate Cost
- Agitation leaching -30 mesh 90 -95 % in High Capital
{including pressure (< 0.5mm) 24 hours and operating
| 'eaching) cost
|
I*ercolation or < 10mm ~ 80% in High
Vat leaching one week Capital cost
Heap Broken ~ 50% in Low
L.eaching Several months  Capital
and
Dump leaching as mined ~ 50% in operating
In -situ leaching 1 or 2 years costs

The livwsheet based on the result of amenability assessment of Igun gold to
amalgamation and percolation leaching is shown in Figure 4.12. No further
consideration was given to amalgamation method of extraction because of
the poor response of Igun alluvial gold ore to the method. In the study

carried out by Adetunji (1991) on leaching of gold from Ilesha gold ore using
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cyanide solution obtained from cassava (Manihot esculanta), it was observed
that yields of gold from cyanide solutions from cassava are relatively lower
than those obtained from equivalent concentrations of standard NaCN. Even
then, there is the possibility of augumenting if not replacing the analytical
grade cyanide solutions with those obtained from cassava if the compounds
in the solution inhibiting gold dissolution are removed or lowered in content.
Thus a tropical enviroment like Nigeria which favours czssava production
provides = roady source of cyanide for gold extraction and this concretizes
the basis for the choice of cyanidation (by percolation leaching) for extraction

of gold from Igun ore deposit in Ilesha goldfield.

4.5.2 Flowsheet Development Based On Heap Leaching

Low grade ore and small tonnages are best treated by low-cost method such
as dump or heap leaching. Since llesha gold concentrate is amenable to perco-
lation leaching, its wash should be amenable to heap leaching if the operating
parameters are optimized. Thus the flowsheet based on heap leaching shown

in Figure 4.13 in Appendix 11 is proposed.

4.5.3 Tailings Management / Enviromental Regulation

The enviromental degradation effects of cyanidation cannot be discounte-
nanced and a waste management programme based cn iotal containment
concept, contigent on future treatability testwork shou!d be adopted. This
should indicate the best treatment method to ensure that pond discharges
would be in compliance with Federal Environmental Protection Agency (FEPA)
requirements.

Recently, about twelve processes for cyanide removal or regeneration are
available and several of these processes offer satisfactory results for specific
effluents (Bhappi, 1990). Remarkable among these processes is the Inco

Process (Conrad, 1984). This process utilizes SO, - air mixture as oxidant,
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lime for pH control and presence of copper in solution as a catalyst. The Inco
Process was reported to have met all regulation requirements and is currently
adopted in several cyanidation plants in Canada. This may be experimented

on llesha gold ore vis-a-vis YEPA requirements.

4.5.4 Proposed Process Flowchart

By combining the flowsheet in Figure 4.1 (based on production of alluvial
gold concentrate from the wash); flowsheet in Figure 4.12 based on percola-
tion leaching and flowsheet in Figure 4.13 based on heap leaching - inferred
approach; the proposed process flowchart for Ilesha alluvial gold is obtained

as shown in Figure 4.14.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

T ne whole exercise of mineral processing, mineralogical characterization,

ore chemical analysis and amenability tests on Ilesha alluvial gold ore has

led to the evolution of the proposed process flowchart shown in Figure 4.17.

When adopted, and if adapted, and carefully developed the process flowchart

should engender substainable gold production in llesha goldfield.

(1)

(2)

(3)

(4)

5.1 Conclusion

The data obtained on the particle size analysis show that most of the
gold values are contained in the -600 +300um to -75um. That is, most

of the gold values are contained in the fine particle size fractions.

T'he x-ray diffractograms pf different particle sizes show that free gold
oCCurs in a very scanty a{:‘iount in the following size fractions : -850
+ 600um, -600+300um, -300 +1504m and -75um. Free gold could still
vccur in +2000um, —2000..485:0;:111 and 150 +75um but this was not

detected.

The data on petrographic st;.ldiea show a genera) trend that gold occurs
as inclusion in sulphide ph‘ase and this phase tends to increase with
Jecrease in particle size. The (fepoait is finely dizseminated comprising
very fine-grained largely sub-n;icroscopic gold leading to the conclusion

that Ilesha gold deposit belongs to non-refractory class.

The gold content determigéd._:by fire-assay-gravimetric technique and
atomic absorption spectrophgtometer are essentially the same. For
AAS, gold contents obtained for particle sizes +2000um, -600 - 300um
and -T5um particle size fractions are 4.666ppm 0.9818ppm and 89.11ppm

respectively. Also for these size fractions the fire-assay values are

P



(5)

(6)

(1)

(2)
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9.2g/ton, 20.0g/ton and 15‘2.83/ton respectively. Gold is present in
all the size fraction; the genei-al trend is that the gold content increases

with decrease in particle size.

Investigations on the recovery efficiency of amalgamation show that

Igun gold ore responded poorly to amalgamation.

llesha alluvial gold ore with Igun ore deposit as paradigm is amenable
to percolation leaching. _

At the optimum leaching p;u'ametera of 6-hour retention time, sodium
cyanide concentration of 0.3% and hydrogen cyanide concentration
(pH) of 11.5, the highest recovery value of 63.60% was obtained with
the smallest particle size of ~7T5um. With availability of cyanide locally

through extraction from cassava, percolation leaching is promising.

5.2 Recommendations

In the course of this work, briquettes of the different concentrate size
fractions were prepared with a view to examining them on ore micro-
scope and scanning electron microscope but functional electron micro-
scopes could not be sourced. For complete mineralogical investigation
on, and characterization of llesha gold ore, functional electron micro-
scope should be sourced agd utilized. Specifically, it is necessary to

establish the form of occurence of zinc in the ore.

Further research on extractive metallurgy of Ilesha gold ore need to be

carried out on:

(a) Amenability assessment of percolation leaching on [lesha gold ore
should incorporate more leaching parameters such as the effects
of pulp density, heap agglomeration and oxygen concentration on

gold recovery efficiencies.
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(b) Cementation reaction until gold precipitate is produced from preg-

nant solution by zinc powder.

(3) Research into tailings management and design of suitable heap-leach
pad for Igun gold deposit should be embarked upon to ensure solution

conservation and environmental protection.

(4) Alluvial deposit has been considered in this work; process design for

llesha lode deposit at Iperiﬁdo should be considered in future work.

(6) Future work should also consider economic aspect of industrial scale

production of gold. This will involve the use of pilot plant.
(6) Research should commence on recovery of gold from the tailings dump.

(7) Talcose rocks, from which talc (3Mg0.S4 03.H;0) could be extracted,
abound within Ilesha goldfield. Besides, cassiterite (SnO;) and columbite
(Fe,Mn);0¢ have been won along with alluvial deposit (De Swardt,
1956). Furthermore, it has been established that ilmenite (FeO.TiO,)
is the major consituent of the opaque minerals of Ilesha gold concen-
trate. Ilmenite is a source of titanium oxide and the latter is used in
paint manufacturing. Thus invesiment on llesha goldfield is justified
not only for the purpose of éold extraction but also for the judicious

exploitation of the aforementioned associated minerals.
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APPENDIX 1

BOX FILE FOR INTERPRETATION OF X-RAY DIFFRACTION DATA

Published by the
Joint Committee on powder diffraction standards,

1601 Park lane, Swarthmore, Pennsylvania, 19801, U.S5.A.
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APPENDIX 2

GOLD’S GENERAL PROPERTIES, ITS VARIOUS TESTS AND

CHEMICAL FORMULAE OF ITS ASSOCIATED MINERALS AND
GANGUES

Ores of gold include calaverite (AuTe;) and silvernite (Au, Ag) Te,.
Chemical Symbol, Au (from latin “Aurum”) meaning shining down.

Atomic weicht - 107 OF7

Atomic Number - 79

Melting point - 1,064.43°C

Boiling point - 2660°C

Specific gravity - 14 to 19.3 depending on purity

Valeacy - 1 or 3

No. of isotopes - 18

Colour - yellow when pure

Lustre - metallic

Streak - Yellow with metallic shine

[iardness - 2.5 to 3, malleable and can easily cut

Cleavage - None

tracture - Hooked

Crystal System - Cubic

Habit - Crystals are rare, commonly spongy or leafy. Massive grains and
scales are also usual

Reactivity - Noble, inert and unattacked by acids except aqua regia

Oxides - Ana0s, An-0

Geochemistry - Gold occurs with silver and copper in group 1B of the peri-
odic table accounting for their common association in mineral deposits. The
three elements have similar electronic structure with ‘s’ electrons outside a

filled *d" electron orbital. However, gold has a siderophile nature whereas
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copper and silver are chalcophile elements.

Distinguishing Features - Colour, specific gravity and softness. Insoluble in
nitric acid and can be distinguished from pyrite (FeS) - ‘fool’s gold’ - which
is brittle, and chalcopyrite (CuFeS) which crumbles when cut with a knife.
Methods of gold analysis include field tests, fire-assay and instrumental anal-
ysis,

Field Test for Gold

The most common field tests for gold include the following:

(i) Acid Test

(ii) Specific Gravity Test

(iii} Colour and Streak Test.

Acid Test: Acid Test is the simplest and quickest method of testing for gold;
It involves the use of analytical grade nitric acid (HNOj) which has the abil-
ity Lo dissolve all metals except gold and platinum. If on addition of gold to
the acid solution, the colour of the acid changes, then the sample is neither
pure gold nor gold at all.

Generally, if the sample is yellow, metallic, heavy and does not dissolve
in nitric acid, then it is gold.

Specific Gravity Test: Colour and streak to an experienced gold dealer may
be enough for identification of pure gold.

Pure gold is golden yellow and gives a shinning golden yellow streak.
There are three other main colours of gold resulting from dilution of gold by
alloying elements such as silver, copper, bismuth, zinc, nickel and palladium.
For example gold may be pale yellow due to silver, rose-red due to copper
and bismuth, white due to palladium and green due to nickel.

For such alloyed gold identification requires a combination of tests for
various properties. The colour test involves a simple compesation of the
colour and streak of the sample with the standard colours and streaks.

Fire-Assay Test: This is the most expensive but fool-proof test for gold.
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This best method is particularly useful in determining the gold content of
‘fool’s gold' (that is, pyrite) and other minerals suspected to contain gold.

The fire-assay of gold is based mainly on the following principles:

1. Gold has a high solubility in molten lead but are almost completely

insoluble in slags of suitable composition.

2. There is an appreciable difference in the specific gravity of the pre-
cious metal bearing alloys and slags in the liquid state which allows for

complete and clear separation of the two products.

3. Lead is practically completely separated from the precious metal by
carefully controlled oxidising fusion and subsequent absorption in a

porous refactory vessel known as cupel.
4. Gold is completely insoluble in nitric acid.

The test entails fusion of the sample with borax, sodalime and silica flux
using lead or nickel as gold collector, this is followed by cupellation. The
fire-assay may be combined with gravimetric analysis or atomic absorption
spectrophotometric (AAS) analysis in order to determine the gold content of
the sample,

Instrumental Analysis: Atomic Absorption Spectrophotometer

Atomic absorption spectrophotometer (AAS) offers a useful technique for the
determination of small quantities of gold. The selective atomic absorption
following a concentration step of solvent extraction or fire-assy, enables a very
low content of gold to be measured. The solvent extraction of gold bromine
or chloride into methyl isobutyl ketone, and the aspiration of the latter into
the flame, is one of the techniques,

Schroedinger explains the quatum theory which basically states that
minute particles can only gain or lose energy in small finite units called

quanta (packets of energy). It is used to obtain line spectra from excited
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atoms. If an electron loses energy it will move towards the nucleus. Since
this energy changes are quantized, these movements will be in jumps and
they involve the absorption or emission of a quantum of energy characteris-
tic of the change or transition. Energy is absorbed or emmited as light. The
energy related to the wavelength of that light spectrum will be obtained.

In the AAS the line spectrum from this energy transition is used to de-
termine the concentration of an element in solution. To do this, we produce
in the flame a population of atoms in the ground state, through which we
pass light of such a wavelength that the atoms will absorb it and out to
an excited state. The amount of light absorbed will be a measure of the
concentration of atoms in the flame and therefore concentration of atoms in
the solution. The amount of radiation absorbed by a sample is described by
Beer-Nourgzucr-Lambert law:

A =e.b.c

where

A = absorbance in gl™"' (read on scale)

€ = molar absorptivity of the sample

b = wvath length (distance through which radiant energy has passed in the
sojution )

¢ = concentration of species
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Chemical Formulae of Minerals Associated with Igun Ore Deposit

and Its Ga.nEuea
‘Minerals Chemical Formulae
llmenite o FeO.TiO,
Geothite FeOOH
Feldspar (Plagioclase) (Na,Ca)q|(Al1,8i),05)(Cl,Cos)
Quartz Si0,
Hematite a-Fey, Oy
Pyrite FeS,
Renierite (Cu,Fe,Ge)(8,As)
Barium Suiphate BaSO,
Chrysocola Cu0.8i0,.2H,0
Rathite PbysAsaSe
Ellestadite Cag(Si, P, Si04)3(OH,CLF)
Chalcopyrite CuFeS,
Gypsum CaC04.2H,0
Almadine FegAly(Si04)s
! Catterite CoS,
| Lime Ca0

Il
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APPENDIX 3

MEASUREMENT OF GOLD PURITY, CONVERSION FACTORS
STRATEGIC ORTANCE OF GOLD

CARAT: The most common measure of the purity of gold is known as carat
(ct) (Karat in U.S.A,). It is used to state the proportion of gold in an alloy.
Pure gold is 24 carat; that is 100% Au. In England, pure gold (24 ct) and
from ge'd-alloys of 22, 18, 14 and 9 carat are legal "tender. In the U.S.A.
four gold alloys of 22, 18, 14 and 10 karats are legal tender.

FINENESS: Another measure of purity of gold is fineness; that is, parts of
Au per 1000. The proportion of pure gold or silver jewellery, bullion or coin,
often expressed in parts per thousand. It is commonly used to describe the
purity of raw gold such as nuggets of native gold.

CONVERSION FACTORS

L From To Multiply by

' Pennyweights (dwt) Ounces (Troy) 0.05

| Pennyweights (dwt) Grams 1.555174
Pennyweights (dwt) Grains 24.00
Ounces (Troy) Pennyweights  20.001
Ounces (Troy) Grams 31.103486

| Ounces (Troy) Grains 480

- Orains Ounces (Troy) 0.002083

| Grains Grams 0.064789
Grains Pennyweights  0.041666
Grams Pennyweights  0.6430
Grams Grains 15.4324
Grams Ounces 0.03215
Cu. Yard Cu. Metres 0.76455
cu. metres Cu. Yards 1.30795

A unit of weight for precious stones is equivalent to 200 milligrams (1/5 g)
or 308647 ¢.

STRATEGIC IMPORTANCE

A good fraction of gold produced is held in central banks where it is used as

a reserve stock and to settle international trade balances.
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Being the most malleable and ductile but soft metal, it is usually alloyed
to give strength. Gold is a good conductor of heat and electricity and it
is unaffected by most reagents. It is used as a standard for monetary sys-
tems in many countries. It belongs to groups of precious metals that have
found widespread uses mainly as alloys with platinium group of metals, jew-
clleries, decorative arts and other ornamental purposes. Other uses include
manufacturing of spinnets, in making synthetic fibres, thermocouples and in
clectronic industries. Gold is also used as protective and decorative coating
for other metals in architectural designs as well as coatings in aircraft engines
and earth satelites. It is a good reflector of infrared and is inert. *®*Au with
a half life of 2.7 is used for treating cancer and other diseases.

Purple of cassius (gold in purple) is used in manufacturing red and purple
glass and in colouring enamels and painting porcelain. Many gold-nickel and
gold-iron alloys are magnetic are used in computer memory devices. Gold
alloved with palladium and copper are used in dental work, and gold alloyed
with only palladium is used for the production of fusion resistance laboratory
ware.

A good proportion of gold produced is held in personal reserves. Consid-
cring the uses the people have made of gold for centuries, it is not a surprise

that it is called the king of metals.
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APPENDIX 4

STOCHIOMETRIC COMPUTATIONS FOR SODIUM CYANIDE

C

C

ONS

(I) Gold cyanidation reaction according to Habashi(1966, 1967) is given as:

2Au + 4ANaCN + O, + 2H,0 — 2NaAu(CN), + 2NaOH + 2H,0,

That is,
2 parts of Au = 4 moles of NaCN
= 2(197.967) = 4(23 + 12 + 14)
=» 395934 g Au = 196 g NaCN
196
= C
' = 1gAu 305034 g NaCN
= 0.4950 NaCN

(IT) Anaiytical Au for the unsized concentrate

Weight of sample
ppm of Au in Sample

%Au

Gold content

Recall from (1) that 1g of Au

» 0.000238g Au

12.5050g

4.666

ppm x volume x dilution factor x 100
Sample weight x 10°
ppm x volume x dilution factor
Sample weight x 104

4.666 x 50

i o i

12.5050 x 10° ~ -0019% Au
0.0019

%Au x Weight = ~o0 x 12.5050 = 0.0002389g Au

0.4950 NaCN
0.4950 x 0.000238g CN

0.0001178g of CN
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% CN

=» volume

Thus for 0.06% CN,
volume

0.0001178g CN

= 1g CN

For 0.05% CN,
= 0.1% CN,
0.2% CN,

0.3% CN,

1g

lg
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mass of cyanide x 100

volume
mass of cyanide x 100
%CN
0.000178 x 100
0.05 = 0.2356 ml

0.2356ml

0.2356
m = 2000ml of water

= 2000ml
- R —
g = ¥ = 1000ml
= ¥ = 500ml
lg = ¥¥ = 333.33ml
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APPENDIX 5§

LABORATORY REPORT
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APPENDIX 6
CALIBERATION TABLES FOR AAS

Table 4.12: Caliberation Table for AAS Analysis for Gold

‘Standards (ppm) Absorbance x10™®  Average Absorbance
Blanks 0,0 0
2.5 11,12 0.0115
5.0 26,26 0.026
7.5 140,36 0.038
10.0 53,50 0.0515
12.5 61,60 0.0605

Table 4.13: Caliberation Table for AAS Analysis for Silver

1 Qtandnard Absorbance Average Sensitivity’s
Samples (ppm) %1073 Absorbance S=0.0044x2 /Absorbance
Blank 0,0
2 52,51 0.051 0.173
4 100,95 0.047 0.187
6 134,128 0.043 0.205
B 203,194 0.045 0.196
12 320,316 0.0044 0.200

~ Table 4.14: Caliberation Table for AAS Analysis for Copper

Standard Absorbance Average Sensitivity’s

Samples (ppm) x1073 Absorbance S=0.0044x2 /Absorbance
'Blank 0,0

2.5 47,46 0.047 0.234

5.0 100,108 0.046 0.239
i T.5 156,152 0.048 0.229

10.0 207,208 0.044 0.234
125 275,372 0.047 0.25Q




[ Standard Absorbance Average Sensitivity’s
| Sampies (ppm)  x10-3 Absorbance $=0.0044x2 /Absorbance
Blank 0,0
5 10,14 0.010 2,200
10 35,39 0.014 1.571
15 61,68 0.010 2.000
20 106,104 0.015 1.467
25 153,150 0.012 1.833
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Table 4.15: Caliberation Table for A

-

AS Analysis for Lead

Table 4.16: Caliberation Table for AAS Analysis for Zinc

|

Standard Absorbance Sensitiyity
Samples (ppm) x10™*
~Blank 0,0 g
0.2 14,12 0.613
0.4 32,34 0.033
0.6 47,49 0.048
0.8 68,65 0.0665
1.0 101,102 0.1015_J
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APPENDIX 7

PERCENTAGE GOLD DETERMINATION, GOLD CONTENT IN GRAMMES,

AAS DETECTION LEVEL AND AAS SENSITIVITY

ppm x  volume x dilution factor x 100

Sample weight x 108
ppm x volume x dilution factor

Sample weight x 104

il

(i) %Au

(i) Gold content in grammes = % Au x weight of sample used.

(iii) Detection Level = 2 x Standard deviation.

0.0044 x lowest standard
absorbance for the lowest standard

(iv) Sensitivity, s =
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TABLES ON EXPERIMENTATION

Table 4.17: Effect of Cyanide Concentration on Gold Recovery.

' Sodium Cyanide Absorbance Average Gold
Concentration x1073 Absorbance Recovery
1 2 3 (ppm)
0.05% 5 4 4 0.0043 0.0265
0.1% 9 8 7 0.008 0.1176
| 0.2% 24 27 23 0.0247 0.1776
8% 42 40 36 0.039 1.4429
pH = 11.5

Detection Time = 6 hours

Sample: Unsized concentrate

“T'able 4.18: Effect of pH on Gold Recovery

pH  Absorbance Average Gold
x107% Absorbance Recovery
1 2 (ppm)
11.5 1290 131 0.130 4.4865
| B 8T 87 0.087 4.4112
125 35 38 0.0365 1.9739
13 81 79 0.080 4.0734

Cyanide concentration = 0.3%
Retention Time — 6 hours

Sample: Unsized Concentrate
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Table 4.19: Effect of Particle Size on Gold Recovery

Particle Absorbance Average Gold
Size x107* Absorbance Recovery
pm 12 (ppm)
| +2000 - - - -
-2000 +850 14 15 0.0145 0.6375
-850 +600 118 114 0.116 4.4879
-600 +300 30 31 0.0305 1.6336
-300 +150 51 49 0.050 2.7097
-150 475 195 199 0.1975 10.8499
_—75 178 176 0.177x10 97.185

Cyanide ~onceriration = 0.3%
Retention time = 6 hours
pH = 11.5

Samples: 6 particle size fractions as shown in the table
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APPENDIX 9

FLOWSHEET DEVELOYP T BASED ON HEAP LEACHING
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